The nucleation and growth of chimney pores during powder-bed electron-beam additive manufacturing is investigated using in situ infrared thermography and micro-computed tomography. The chimney pores are found to nucleate heterogeneously at dimples on the side surfaces of additively manufactured components, and to grow through a molten-film rupture process. Further, these nucleation and growth processes are found to be strongly influenced by the beam diameter. Several strategies for suppressing the formation of chimney pores are discussed in light of these results.
Introduction
Electron-beam additive manufacturing is a recently developed metal 3D printing process in which a high-power electron-beam (e-beam) fuses powder feedstock, layer-by-layer, into a bulk object [1] [2] [3] . This form of metal additive manufacturing has attracted much interest from industry, in part, because it can print complex shapes that are impossible to fabricate with traditional manufacturing techniques. Still, e-beam additive manufacturing has several significant issues, one of which is that parts fabricated with this technique often contain pores that degrade their fatigue properties [4] [5] [6] [7] . Eliminating these pores, either by using post-processing treatments or by preventing their formation, is essential for applications requiring high-performance components.
Open pores (i.e., surface-connected pores) in additively manufactured parts tend to be difficult to eliminate through post-processing and therefore must be prevented from forming during the printing process [8, 9] . While some types of open pores can be suppressed using strategies adapted from single-pass welding [10, 11] , it remains a challenge to prevent a common form of open porosity known as chimney porosity. Chimney pores are long cylindrical pores that start at the side surface of a part and then grow upwards along the build direction, i.e., normal to the surface of the powder bed [9, 12] .
To the best of our knowledge, the only prior work on the causes of chimney porosity is due to Bauereiß et al. [12] . These investigators studied how chimney pore formation is influenced by the e-beam power density, which is defined as the ratio of the beam power to the beam area. They printed a series of components using different e-beam power densities and found that the volume fraction of chimney pores increased as the power density decreased. Although this work clearly related the power density to the formation of chimney pores, it did not explain several important aspects of chimney pores, including why it is that chimney pores only initiate at side surfaces.
The objective of the present study was to further clarify the causes of chimney pores, with a view towards suppressing their formation. We first use in situ infrared thermography of the powder bed and micro-computed tomography of an as-printed component to identify the mechanisms responsible for the nucleation and growth of chimney pores. Next we describe several strategies suggested by these results for preventing chimney porosity.
Experimental methods
We used an Arcam A2x e-beam system with Ti-6Al-4V powder to build a three by three grid of 75-mm tall pillars. The pillars all had square, 10 9 10 mm cross sections as shown in the top-down view of the build layout in Fig. 1a . The powder feedstock, which was prepared using the plasma rotating electrode process (PREP), had a particle size distribution that ranged from 45 to 100 lm. The powder contained less than 0.012 wt% hydrogen, 0.04 wt% nitrogen, and 0.18 wt% oxygen in accordance with AMS4998E [13] .
As each layer was being deposited, the e-beam scanned one row of pillars at a time, first rastering across the top row, then the middle row, and finally the bottom row. In each layer, the rows were all scanned using the same raster pattern, but this raster pattern changed every layer, sequentially alternating between the four patterns shown in Fig. 1b . The labels indicate the order in which these patterns were used, and this sequence of patterns was generated by the Arcam software. It is important to note that raster patterns have been shown to affect porosity and, therefore, that the raster patterns used in this study likely influenced the morphology of the chimney pores [14] .
The beam speed varied along each track of the raster patterns, starting at a maximum velocity (V max ) after a turning point and then slowing to a constant speed after the beam traveled *3 mm. V max , the time-average beam speed (V ave ), and the current (I) used with each raster pattern are summarized in Fig. 1b . The accelerating voltage was 60 kV, the layer thickness was 50 lm, and the hatch spacing was 200 lm. Note that we did not use contour melts.
To identify the conditions that give rise to chimney pores, we systematically varied the power density by changing the beam diameter while keeping the beam power constant. First, we used a focused beam (i.e., high power density) to build the base of the pillars. Next, we increased the beam diameter, thereby decreasing the power density, to promote chimney pore nucleation. Finally, we gradually decreased the beam diameter to identify the conditions under which the chimney pores terminate. The full-width half-maximum beam diameters used to build the middle row of pillars are summarized in Table 1 . These beam diameters, which were provided by the Arcam AB corporation, are from Gaussian fits to the e-beam current density. We controlled the beam diameter using the focus offset parameter in the Arcam software.
It is important to note that all the process variables except for the beam diameter either remained constant (e.g., the accelerating voltage, layer thickness, and hatch spacing) or varied in a regular, systematic way that did not change during the build (e.g., the beam speed, current, and raster pattern). As a result, we can definitively associate changes in the beam diameter with discrete changes in the pore structure observed along the length of the pillars. It should be remembered, however, that the other process variables, particularly the raster pattern, partly determine how the beam diameter affects the pore structure.
During the build, we monitored the surface of the powder bed using infrared thermography. The camera and experimental setup are described in Ref. [15] . In the infrared thermographs, pores that intersect the top surfaces of the pillars appear as bright spots because they act as black body cavities with a much higher emissivity than the solid material surrounding them.
To further characterize the chimney pores, we performed micro-computed tomography (lCT) on the shaded pillar in Fig. 1a using a 160 kV microfocus Kevex X-ray machine equipped with an amorphous silicon detector and a 0.015-inch stainless steel X-ray filter. We collected 720 images over one rotation and reconstructed the images using the Feldkamp algorithm, giving 25 9 25 9 25 lm voxels.
Results and discussion Figure 2 shows a lCT reconstruction of the chimney pores found in the shaded pillar in Fig. 1a . Here each separable pore has been assigned a unique color. The z-coordinate in the y-z projection is the distance above the build plate, and the labels indicate the heights at which the beam diameter changed. The bottom of the reconstruction is z = 21.5 mm, and this is also the position where the beam diameter first changed. No chimney pores were observed below this position.
Several interesting features of the chimney pores are apparent in Fig. 2 . Perhaps most strikingly, Fig. 2 shows that the chimney pores formed immediately after the beam diameter increased at z = 21.5 mm, and that they subsequently grew uninterrupted until the beam diameter started to decrease at z = 38.9 mm, at which point they began to terminate. Thus, Fig. 2 conclusively and unambiguously Table 1 Full-width half-maximum beam diameters used on the pillars in the second row of Fig. 1a . Note that the beam diameters used with raster patterns 1 and 3 differed from those used with raster patterns 2 and 4. The column labeled z gives the height above the build plate where the beam diameters changed to the indicated values Beam diameter (lm) Figure 2 lCT reconstruction of the chimney pores. Separable pores have each been assigned a different color. The labels on the y-z projection indicate the beam diameters used with raster patterns 1 and 3, and raster patterns 2 and 4.
demonstrates a connection between the beam diameter and chimney pore formation. The fact that the chimney pores initiated when the power density decreased and terminated when the power density increased is consistent with the findings of Bauereiß et al. [12] . Another interesting feature of the chimney pores in Fig. 2 is that many of them developed branches, and an example of one such bifurcating pore is shown in Fig. 3 . In the x-y plane, perpendicular to the build direction, the average circular-equivalent diameter of the chimney pores varied between 200 and 300 lm, which is slightly larger than the hatch spacing. Just before a branching event, however, the circularequivalent diameter of the bifurcating pores grew appreciably larger than this average value. This may indicate that there was a stable pore diameter and that bifurcations occurred whenever the pore diameter exceeded some threshold size.
By tracing the chimney pores back to their initiation sites, we found that they all nucleated on the side surfaces, with one pore nucleating on a y-z side surface and the others nucleating on the x-z side surfaces. To clarify why these pores nucleated on the side surfaces, we generated the topographic map of the side surfaces shown in Fig. 4 . Here the chimney pore nucleation sites are indicated by arrows, and the dark purple regions are elongated dimples on the surface of the pillar that have an average depth of roughly 200 lm. Significantly, the chimney pore nucleation sites all coincide with these dimples, suggesting that the heterogeneous surface nucleation of a chimney pore requires a dimple which acts as a nuclei. These dimples form during the printing process and grow into chimney pores as each new layer is deposited.
The dimples on the x-z side surfaces are mainly arranged in vertical lines that are parallel with the build direction and that are regularly spaced along the x-direction with a mean separation of *1 mm. Similarly, the turning points also form regularly spaced vertical lines on these side surfaces because their x-y coordinates were held constant during the build. This similarity suggests that the positions of the turning points may have contributed to the formation of these dimples. Figure 4 also shows that the dimples are concentrated on the x-z side surfaces. Considering that the turning points in raster patterns 1 and 3 coincided with the roughened surfaces, while the turning points in raster patterns 2 and 4 coincided with the smooth surfaces, it may be that this anisotropic surface roughness is a consequence of the differences between these two sets of raster patterns. For instance, differences in the process variables used with each of these two sets of raster patterns could result in differences in the size and shape of the melt pool at the turning points, which could, in turn, influence the surface roughness. Specific differences in process variables that influence the melt pool dimensions include (1) the smaller beam diameters and, relatedly, higher power densities used with raster patterns 1 and 3, and (2) the much smaller time interval between consecutive turning points in raster patterns 1 and 3 [16] .
Several potential physical explanations of chimney pore nucleation can be eliminated based on the morphology of the dimples, the morphology of the chimney pores, and the chemistry of the powder. For instance, the dimples could not have formed due to a failure to melt large particles because the dimples have a spacing of 1 mm and extend for up to 3 mm in the z-direction, and both these length scales are an order of magnitude larger than the maximum particle diameter. Second, the chimney pores cannot be the result of incomplete fusion because the y-z projection in Fig. 2 shows that the center of the pillar was fully dense. Third, keyhole melting could not have caused these chimney pores because they are continuous and cylindrical whereas keyhole-induced pores tend to be spheroidal [17] . In addition, keyhole-induced porosity tends to worsen with increasing power density, whereas the chimney pores exhibited precisely the opposite behavior-they nucleated when the power density decreased and terminated when the power density increased. Finally, it is unlikely that these chimney pores are some form of gas-induced porosity since PREP powder is free of the argon-filled voids thought to cause such porosity [18, 19] , and since it also contains low concentrations of dissolved gas.
Instead, Fig. 4 indicates that chimney pore nucleation occurs when a dimple on a side surface grows to some critical depth, at which point its sides collapse and bond to form a pore nuclei. This pore formation process is analogous to that observed during some film deposition processes, where perturbations on the surface of the depositing film can grow, coalesce, and entrap pores [20] [21] [22] .
Inspection of Fig. 4 reveals that eliminating the dimples suppressed the nucleation of additional chimney pores. Thus, improving the surface finish seems to be an especially effective approach to preventing chimney pore nucleation. Encouragingly, the surface finish of a part can be improved using several methods. One approach is to optimize the beam diameter used with a given parameter set. Figure 4 , for instance, shows how the dimples disappeared as the beam diameter decreased and approached an optimal value. Another strategy for improving the surface finish is to use contour melts that trace the edges of the raster pattern after each layer is deposited. Such contour melts would smooth out any dimples. Lastly, since the dimples may have formed because the x-y coordinates of the turning points were held constant, a third strategy is to displace the turning points each time a raster pattern is used, as this may disrupt the dimples and prevent them from developing into chimney pore nuclei.
Having clarified some of the key features of chimney pore nucleation, we now turn our attention to the mechanism responsible for chimney pore growth. Figure 5 shows a series of infrared thermographs in which the dark and light gray regions are the solid pillars and unmelted powder, respectively, and the bright dots are chimney pores. The elapsed times between the images are indicated. The first image shows the pillars immediately after adding a new layer; the second image shows the pillars 9 s later after fresh powder had been raked across the powder bed; and the final image, taken an additional 23 s later, shows the pillars after depositing another new layer. The chimney pores are clearly visible in the first and third images but are mainly obscured in the second, indicating the rake operation completely covered the pores with particles. The e-beam must have melted these particles between when the second and third images were taken so that a freely-suspended molten metal film temporarily covered the chimney pores. This film must have ruptured for the pores to have reappeared in the third image, and for the pores to have grown, this film rupture process must have occured after each new layer was deposited. For example, the chimney pore in Fig. 3 extends for 19 mm in the build direction, meaning this pore used this film rupture process to propagate across *380 consecutive layers. Figure 2 shows that we prevented this film rupture process and terminated the chimney pores by decreasing the beam diameter. A physical explanation for the film rupture process that is consistent with this beam diameter dependence is that the film covering the chimney pores drains and ruptures while it is still molten. In this case, the film can remain intact only if the melt pool solidification timescale (t s ) is smaller than the timescale associated with film drainage and rupture (t r ). Both t s and t r are functions of the beam diameter (D), although they have different dependences-t s scales as D n where n is between -2 and 0 [23] , whereas t r scales as D m where m is between -5 and -3 [24] . (To arrive at the latter scaling law, we used the fact that the melt pool depth is inversely proportional to D for a distributed heat source operating in conduction mode [16] .) The different exponents in these scaling laws mean that decreasing the beam diameter should help prevent the film from rupturing. Our model is consistent with Fig. 2 which shows how the chimney pores stopped growing as the beam diameter used with raster patterns 1 and 3 decreased from 400 to 300 lm.
Conclusions
In summary, our lCT measurements and in situ infrared thermographs demonstrate that chimney pores only nucleate at dimples on the side surfaces of a part and that these pore nuclei then propagate from one layer to the next by a recurring film rupture process. Considering these results, it seems that the most effective way to suppress chimney pores is to remove their nucleation sites by improving the surface finish. This can be accomplished
• by optimizing the beam diameter used with a given raster pattern, • by using contour melts before or after each new layer of material is deposited, and • by displacing the positions of the turning points each time a given raster pattern is used.
Our results also demonstrate that increasing the power density (by, for example, decreasing the beam diameter) is one way to terminate chimney pores observed in situ. Some of these techniques are already common practice, but our results provide further evidence of how they can improve part quality. Finally, though this work is focused on e-beam additive manufacturing, the strategies that we describe should benefit other powder-bed, beambased additive manufacturing technologies as well.
